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ON  THE  RANGE  OF  PERMEABILITY  IN  FERRIC  CONDUCTORS 

I 

INTRODUCTION. 

Copper  has  been  practically  the  only  material  used 
in  conductors  for  the  transmission  of  electric  energy  because 
of  its  high  electric  conductivity.      With  the  introduction  of 
high  voltage  power  transmission  the  demand  for  high  conductiv- 
ity of  the  conductor  has  become  less  insistent,  and  the  atten- 
tion of  designers  has  been  called  to  the  mechanical  strength 
of  line  necessary  for  long  spans.      As  a  result,  iron  and  steel 
conductors  are  being  considered. 

It  can  be  shown  experimentally  and  mathematically 
that  when  alternating  current  is  passed  through  a  conductor  it 
does  not  distribute  itself  equally  over  the  cross-section,  but 
that  the  current  density  is  greatest  in  the  outer  layers  of  the 
wire.      Since  the  inner  portion  of  the  conducting  wire  does  not 
carry  its  share  of  current  the  effective  cross-section  for 
current-carrying  duty  is  reduced,  and  the  resistance  is  inoreased 
to  a  higher  value  called  the  effective  resistance.     In  conduct- 
ors of  large  cross-section,  especially  those  of  magnetic  mater- 
ials, this  unequal  current  distribution  causes  a  resistance 
loss  and  voltage  drop  much  larger  than  those  due  to  direct  cur- 
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rent  which  utilizes  the  whole  cross-section.      In  steel  con- 
ductors the  increase  of  resistance  is  very  appreciable  even 
at  low  frequency  and  small  sectional  area.      This  phenomenon, 
known  as  "skin  effect",  is  the  most  important  problem  confront- 
ing the  engineer  in  determining  the  practicability  of  using 
steel  conductors  in  alternating  current  power  transmission. 

Considerable  mathematical  investigation  of  this 
phenomenon  has  been  made  by  Maxwell,  Lord  Rayleigh,  Lord  Kelvin, 
and  others.      All  of  their  solutions  involve  the  value  of  the 
permeability  of  the  material  with  little  or  nothing  said  about 
its  numerical  value  or  how  to  calculate  it.      Various  values 
for  permeability  of  iron  and  steel  are  assumed  ranging  from 
200  to  2,000  with  nothing  said  about  how  or  with  what  it  varies. 

It  is  the  purpose  of  this  thesis  to  determine  the 
value  of  permeability  to  be  used  in  calculating  the  skin  effect 
coefficient  of  steel  wire  conductors. 


II 

MATHEMATICAL  THEORY 


The  general  differential  equation  connecting  the 
current  density  and  radial  distance  in  the  cross-section  of 
a  conductor  is: 


fTT/4  X 


.2 


di     &i      /  di 


where         I  =  current  density  in  the  conductor 

r  =  distance  of  zone  from  center  of  conductor 

=  permeability 
A  r  conductivity 
The  solution  of  this  equation,  given  by  Maxwell, is 

Re  -  y  •    U  w>3     -  w*>u*  23_wj£*  (2) 

_  i2  t2       18C  rTt  8064C  rs 


where  Rv  -  JL 


R  -  ohmic  resistance  of  the  conductor 
w  =  2  77-f 

K  =  skin  effect  coefficient 

r  =  resistance  of  conductor  in  absolute  units 

W  =  watts  energy  consumed 

f  =  frequency 
The  solution  of  equation  (2)  for  permeability  is 
very  difficult  since  it  is  an  infinite  series  of  which  only  a 
few  terms  are  given  here. 


For  commercial  frequencies  (20  to  100  cycles)  the 

term        *      is  very  small  compared  to  the  preceding  term  so 
1B0  ** 

it  and  the  following  terms  may  be  neglected,  leaving  the  equa- 
tion in  the  following  simple  form: 

K  =  1      wfo2  (3) 
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Solving  for 


U  =  r  YlS(K-T)  (4) 
'        w  ' 

Another  solution  of  this  equation  which  is  given 
by  Lord  Kelvin  depends  on  two  functions  called  the  ber  and 
bei  functions.      The  solution  is 

q  =   JfdYIgZ  (5) 


The  skin  coefficient  is 

K  =  *E 


Rj:  =  £  .     berq  bei'q  -  beiq  ber'q  (6) 

a 


where 


r      2                 (ber 'q)3  +  (bei  'q) 
ber  q  =  1+  Q±  .  K  Q*    (?) 

bei  q  ■    _aa  -      q*  (8) 
23     23.-13.  6a  + 

ber'q  -    liberaji  (9) 
dq 

bei'q  =     d(bei  q)  (10) 
dq 

d  "  diameter  of  conductor  in  centimeters 
f  =  frequency 

=  specific  resistance  in  absolute  units 
ft  ~  permeability 
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Considering  K  as  a  function  of  q  Dr .  Magnus 
McLean  has  calculated  the  following  table  of  numerical  values 
for  K  corresponding  to  values  of  q  ranging  from  0  to  20. 

Re 


K  - 


R 


K  =  JS 
R 


0.0 

1 .0000 

4.5 

1.8628 

0.5 

1.0000 

5.0 

2.0430 

1.0 

1 .0001 

5.5 

2 .2190 

1.5 

1.0258 

6.0 

2.3937 

2.0 

1.0805 

8.0 

3.0956 

2.5 

1.1747 

10.0 

3.7940 

3.0 

1 .3180 

15.0 

5.5732 

3.5 

1 .4920 

20.0 

7.3250 

4.0 

1 .6778 

Plotting  these  values  shows  that  the  critical  val- 
ues of  K  are  from  q  -  0  to  q  =  5.      For  q>5  the  curve  is  a 
straight  line,  showing  that  K  varies  directly  as  q. 

Solving  equation  (4)  for jul\ 

m  -  %tf 

S4-  zWdFf 

From  experimental  data  the  value  of  K  is  deter- 
mined.    From  the  table  the  corresponding  value  of  q  is  found. 
Then  all  the  terms  of  the  right  hand  member  are  known,  and 
the  value  of  permeability  can  be  obtained. 


Ill 

EXPERIMENTAL  APPARATUS 


The  conductors  tested  in  this  experiment  were: 
3/16  inch  solid  steel,  galvanized 
3/8    inch  solid  iron 
1/2    inch  solid  iron 
Dimensions  and  ohmic  resistance  of  each  conductor  are  given 
on  page  (    10    ) . 

Each  conductor  was  bent  so  as  to  form  a  parallel 
return  loop,  the  distance  from  inner  surface  of  the  conductor 
to  the  inner  surface  of  the  return  conductor  being  six  inches. 

Variable  room  temperature  and  large  line  currents 
caused  variable  ohmic  resistance.     The  first  plan  was  to  ob- 
serve the  conductor  temperature  by  means  of  several  thermome- 
ters spaced  at  equal  intervals  with  the  mercury  bulbs  placed 
next  to  the  conductor  and  covered  with  a  thin  layer  of  putty. 
This  method  failed  in  two  respects:  the  temperature  changed 
while  the  several  thermometers  were  being  read,  and  the  putty 
covering,  by  its  absorption  and  retention  of  heat,  caused 
a  lag  in  the  indications  of  the  thermometers.     The  fall  of 
potential  method  of  measuring  resistance  was  finally  adopted. 
With  a  direct  current  ammeter  and  low  reading  voltmeter  the 
data  for  calculation  of  ohmic  resistance  was  obtained.  Incase 
the  resistance  had  changed,  time  was  given  for  the  conductor 
to  cool  or  else  it  waa  heated  with  a  large  alternating  current 
until  the  average  resistance  was  obtained  again. 
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The  power  consumed  by  the  conductor  was  measured 
by  General  Electric  wattmeter  dynamometer  No.  181928.  The 
sensibility  of  the  instrument  was  a  deflection  of  500  milli- 
meters on  a  scale  one  meter  from  the  mirror  for  a  power  meas- 
urement of  .138  watts.     For  measurements  of  power  greater 
than  this  resistances  were  put  in  series  with  the  potential 
coil  of  the  instrument.     These  resistances  ranged  in  value  from 
0  to  60,000  ohms.     Since  the  instrument  was  not  direct  read- 
ing it  was  necessary  to  calibrate  it  for  each  value  of  resis- 
tance used.     All  the  calibrations  were  made  with  direct  current 
power  and  checked  from  time  to  time  during  the  test  so  as  to 
detect  any  possible  disturbance  of  the  instrument.     The  zero 
reading  of  the  dynamometer  was  obtained  frequently  as  a  pre- 
caution against  accidental  movement  of  the  instrument  with  a 
consequent  change  in  calibration  due  to  a  different  relative 
position  of  the  suspended  and  fixed  coils. 

The  current  was  measured  with  West on  ammeters 
designed  for  frequencies  under  133  cycles  per  second.  Each 
ammeter  was  calibrated  with  a  standard  instrument  at  frequent 
intervals  during  the  tests.     The  frequency  was  measured  with 
a  Biddle  frequency  meter  of  the  vibrating  reed  type. 

The  power  at  35  and  40  cycles  was  furnished  by  a 
Thomson  Houston  smooth  core  generator,  No.  683,  Class  A35, 
1100  volts,  1500  R.P.M.     The  voltage  was  stepped  down  to 
about  60  volts  through  a  General  Flee trie  transformer,  No. 
745828,  Type  H60,  Form  K,  1100/2200    110/320  volts,  5  K.W., 
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with  the  high  tension  coils  in  parallel  and  the  low  tension 
coils  in  series.    Rheostats  in  series  with  the  conductor  gave 
line  current  control,  and  rheostat ic  control  of  the  armature 
and  field  current  of  the  driving  motor  assured  constant  fre- 
quency.    Since  the  motor  could  not  attain  the  speed  necessary 
for  90  cycles,  both  the  60  and  90  cycle  runs  were  made  on 
General  Electric  generator  No.  95584,  Type  AHB,  Class  6-7.  5, 
Form  A,  20  amperes,  220  volts,  1200  R.P.M.     The  six  armature 
coils  are  spaced  30  electrical  degrees  apart  on  the  armature. 
No  transformer  was  used  in  this  set  up,  rheostats  in  the 
generator  field  circuit  giving  the  necessary  voltage  regulation. 
The  smooth  core  generator  gave  a  sine  voltage  wave;  the  wave 
from  the  General  Electric  generator  was  also  very  free  from 
harmonics  because  of  the  series  connection  of  the  armature 
coils . 


s 


Diagram  of  Connections 


IV 

EXPERIMENTAL  RESULT? 
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The  results  of  the  experimental  tests  are  given 
in  the  form  of  curves  from  page  (//  )  to  pa^e(28  ).     The  observed 
data  is  tabulated  on  the  log  sheets  within  the  same  pages. 
From  the  observed  values  of  watts  consumed  and  line  current 
the  effective  resistance  R£  =  (  — j-3  )    w&s  calculated  for  each 


value  of  line  current  and  the  values  plotted.     From  a  smooth 
curve  drawn  through  the  points  new  values  of  effective  re- 
sistance h'£    were  obtained,  and  by  the  aid  of  the  K-q  curves 
on  page  (29),  permeability  values  were  calculated.     The  permea- 
bility values  were  plotted  as  ordinates  and  amperes  per  square 
centimeter  ID      as  abcissa,  giving  the  permeability-current 
density  curves  at  constant  frequency,  shown  on  pages  {16), 
(22),     and  (28  )  for  the  different  conductors  tested. 

Constants  of  Conductors. 

Conductor  Length  Diameter      Resistance  c^.s. 

in  inches      in  ohms.        units.  % 

3/16"  Steel     64' 10"  .190  .1366  13,650  2750 

3/8"     Iron      63 1 9"  .380  .041  16,040  810 

1/2"     Iron      54'9"  .500  .022  15,900  532 
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3/16  INCH  SOLID  STEEL 
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CONDUCTOR.  25  CYCLES. 
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3/16  INCH  SOLID  STEEL  CONDUCTOR .  40  CYCLES' . 
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3/16  INCH  SOLID  STEEL  CONDUCTOR.  60  CYCLES. 
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3/16  INCH  SOLID  STEEL  CONDUCTOR . 75  CYCLES. 
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3/8  INCH  SOLID  IRON  CONDUCTOR.  25  CYCLES . 
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3/8  INCH  SOLID  IRON  CONDUCTOR.  40  CYCLES. 


I 

W 

K 

q 

/ 

1  .37 

1 

.054 

1 .318 

3  .98 

190 

2  .53 

2 

.253 

.0633 

.0665 

1 .63 

3  .83 

397 

3 . 8 

3 

.61 

.0678 

5  .06 

4 

1 

.23 

.0769 

.092 

3  .345 

5  .59 

632 

7.6 

6 

4 

.55 

.12  63 

.116 

3  .815 

7  .35 

1060 

10.1 

8 

9 

.1 

.1422 

.138 

3.37 

8.7 

1530 

12.65 

10 

15 

.1 

.151 

.150 

3.65 

9.6 

1860 

15.3 

12 

22 

.45 

.1558 

.156 

3.81 

10.05 

3050 

17  .7 

14 

30 

.5 

.1556 

.159 

3.88 

10.35 

3130 

20.25 

16 

.1595 

3.89 

10.38 

3140 

21  .5 

17 

47 

.7 

.1650 

22  .8 

18 

.158 

3.85 

10.30 

3110 

25  .3 

20 

63 

.8 

.1595 

.1565 

3.83 

10.08 

3060 

27.85 

22 

75 

.1549 

.154 

3.75 

9.91 

1990 

30.4 

24 

.151 

3.68 

9.71 

1910 

31  .6 

25 

92 

.95 

.1487 

32.9 

26 

.148 

3.61 

9.5 

1830 

35.4 

28 

109 

.6 

.1398 

.144 

3.515 

9  .32 

1730 

19 

3/8 

INCH  SOLID  IRON 

CONDUCTOR . 

60  CYCLES. 

Id 

I 

W 

X 

q 

/* 

1 .37 

1 

.058 

1 .415 

3  .36 

144 

1 .65 

1.3 

.113 

.0663 

3  .53 

3 

.396 

.0759 

.0755 

1 . 84 

4.44 

276 

5.80 

3 

.933 

.1035 

5  .06 

4 

1 .66 

.1037 

.1065 

3  . 6 

6.  61 

590 

7.6 

6 

4.95 

.1375 

.1380 

3 . 35 

8  .47 

970 

10.1 

8 

10.7 

.1673 

.163 

3.975 

10  .54 

1390 

13  .65 

10 

17  .9 

.179 

.176 

4  .38 

11 . 43 

1760 

15.3 

13 

26.7 

.1853 

.1845 

4.5 

13.04 

1960 

17.7 

14 

35.8 

.1827 

.189 

4.61 

13.35 

3060 

30.35 

16 

.190 

4.63 

13.4 

3080 

31  .5 

17 

58 

.2006 

33.8 

18 

.1895 

4.62 

13.35 

3060 

25.3 

30 

75.9 

.1897 

.189 

4.59 

13.3 

3020 

37  .85 

33 

90.4 

.1867 

.185 

4.51 

13.03 

1955 

30.4 

34 

.181 

4.43 

11.79 

1870 

31.6 

35 

111.5 

.1785 

32.9 

36 

.177 

4.33 

11.51 

1790 

35.4 

38 

136.9 

.1746 

.1725 

4.31 

11.31 

1700 

20 


3/8  INCH  SOLID  IRON  CONDUCTOR.  90  CYCLES . 


T 

I 

w 

R£ 

K 

q 

1 .  2  r 

1 

.066 

oc  a 
.066 

.  Obob 

1 

c  o  c 

.  bob 

6 .  bo 

lib 

(j  .  DO 

o 

6 

.dob 

ncoo 
.  Oboo 

A  O  T  K 

,  UoOb 

O 

o 

.  Uob 

b .  UU 

ooD 

"7.  O 
0  .  O 

O 

.yuu 

-\  no 
.  10U 

c  OC 

b  .  Ub 

4 

i  .yi 

.  nyo 

TOO 

.  I<d2 

.  y  r  b 

( .  by 

tx.  *zo 
D  OU 

(  .  D 

o 

O  .  ol 

.1613 

.  lb  r  b 

3 

TO    T  C 

iu  .  lb 

you 

10.1 

8 

12.3 

.1923 

.184 

4 

.49 

12.0 

1300 

12.65 

10 

19.3 

.193 

.203 

4 

.95 

13.33 

16C0 

15.2 

13 

31 . 85 

.221 

.218 

5 

.32 

14.4 

1865 

17.7 

14 

43.05 

.2196 

.224 

5 

.47 

14.8 

1970 

20.35 

16 

.225 

5 

.49 

14.86 

1990 

21.5 

17 

67.6 

.234 

22.8 

18 

.225 

5 

.49 

14.86 

1990 

35.3 

30 

89.5 

.2337 

.223 

5 

.44 

14.73 

1955 

37.85 

32 

105.6 

.218 

.22 

5 

.36 

14.5 

1895 

30.4 

34 

.216 

5 

.26 

14.2 

1815 

31.6 

25 

133 

.213 

33.9 

36 

.212 

5 

.17 

13.96 

1755 

35.4 

38 

162.6 

.2075 

.207 

5 

.05 

13.72 

1700 

0» 


.< 
o 


CP 
CP 

cP 

S3 

o 


CP 
c 


in 


£  1 


m- 


■ 


1?. 


CP 


CP 

3 


CP 


000 


1/2  INCH  SOLID  CONDUCTOR.  25  CYCLES. 


T 

I 

TXT 

w 

/ 

R£ 

K 

q 

/ 

.  yy 

1 

An  ri  r 

1  . 2D 

o  o 

1  DO 

1  .18 

1 . 5 

.  067 

.  0298 

1  .58 

2 

.126 

.  0315 

.033 

1  .5 

3  .5 

3  . 37 

3 

.  293 

.  0326 

A  r?  A 

.038 

1  . 73 

4 .  lo 

1 1~*  c; 
3bo 

3.16 

4 

.  64 

.040 

r\  A  A 

.044 

2 . 00 

A        O  O 

4  . 88 

515 

A        r-f  A 

4  . 74 

6 

1 

82 

.  0506 

Ar  4 

.054 

2  . 45o 

6 . 20 

840 

6 . 32 

8 

4 

.01 

.0626 

.0645 

2  .93 

7 . 55 

1210 

7  .90 

10 

6 

.81 

.0681 

.0725 

3 . 3 

8  .  5 

1570 

9  .48 

12 

10 

.  75 

.0746 

.0785 

3.57 

9 . 38 

1870 

11 .05 

14 

16 

.45 

.0839 

.082 

3.73 

9.85 

2060 

12.65 

16 

.  .0835 

3.80 

10.05 

2150 

13.43 

17 

24 

.2 

.0837 

14.22 

18 

.0845 

3.83 

1C  .12 

2180 

15.80 

20 

32 

.5 

.0812 

.084 

3.82 

10.08 

2160 

17.40 

22 

41 

.4 

.0855 

.083 

3.775 

9.98 

2120 

18.96 

24 

.0815 

3.71 

9.78 

2040 

19.75 

25 

48 

.95 

.0783 

20.55 

26 

.0805 

3.66 

9.65 

1980 

22.10 

28 

60 

.5 

.0772 

.0785 

3.57 

9.4 

1880 

1/2  INCH  SOLID  IRON  CONDUCTOR .  40  CYCLES. 


T 

1o 

T 
J. 

w 

vv 

p 

7Q 

X 

•  \JOa 

1  SP 

o 
o 

1  7Q 

.  Urr  to 

c 

•  tot 

DAP? 

A 

t 

4  74 

P. 

o  .  o  c 

07?! 

R  ^2 

Q 

o 

4 

rr  •  &  O 

077 

7  QO 

1  0 

J.  W 

P  7 

OP7 

9.48 

12 

11 .05 

14 

12.65 

16 

13.43 

17 

30.2 

.1045 

14.22 

18 

15.80 

20 

40.1 

.  .1002 

17.40 

22 

48.7 

.1006 

18.96 

24 

19.75 

25 

61 

.0960 

20.55 

26 

22.10 

28 

75 

.0957 

/ 

R£ 
fc 

K 

q 

.030 

1  . 365 

3 

.12 

130 

.0375 

1 .705 

4 

.06 

219 

.0455 

2.07 

5 

.1 

346 

.0525 

2 . 385 

6 

.0 

480 

.  UbDD 

f 

( y  u 

.0785 

3.57 

9 

!38 

1160 

.0875 

3.98 

10 

.55 

1480 

.0945 

4.3 

11 

.46 

1750 

.0995 

4.52 

12 

.15 

1950 

.102 

4.64 

12 

.25 

2085 

.1025 

4.65 

12 

.55 

2100 

.1027 

4.67 

12 

.5 

2085 

.1015 

4.61 

12 

.35 

2040 

.0998 

4.54 

12 

.3 

2010 

.0982 

4.51 

12 

.1 

1950 

.097 

4.42 

11 

.8 

1860 

1/2  INCH  SOLID  IRON  CONDUCTOR.  60  OYCLFS . 


I 

W 

.  79 

1 

.042 

.042 

1  . 58 

2 

.180 

.045 

2 . 37 

3 

.421 

.0468 

6  .16 

4 

.78 

.0488 

4  . 74 

6 

6 . 32 

8 

6  .28 

.0981 

7  . 90 

10 

11.2 

.112 

9  . 48 

12 

17.1 

.1187 

11 .05 

14 

23  .9 

.  .1218 

12.65 

16 

13.43 

17 

37.0 

.1280 

14  .22 

18 

15.80 

20 

49.5 

.1237 

17  .40 

22 

60.3 

.1245 

18.96 

24 

19.75 

25 

76 

.1216 

20.55 

26 

22.10 

28 

92.4 

.1178 

/ 
i 

K 

q 

/* 

.032 

1 

.455 

3.38 

100 

.0415 

1 

.885 

4  .48 

178 

.051 

2 

.32 

5.8 

298 

.0605 

2 

.75 

7  .04 

440 

.079 

3 

.59 

9.45 

760 

.0945 

4 

.24 

11.45 

1120 

.1065 

4 

,  84 

13  .00 

1400 

.115 

5 

.21 

14.05 

1750 

.1205 

5 

.46 

14.75 

1920 

.124 

5 

.64 

15.2 

2045 

.125 

5 

.68 

15.35 

2080 

.125 

5 

.68 

15.35 

2070 

.1245 

5 

.65 

15.3 

2070 

.122 

5 

.55 

15.04 

2000 

.120 

5 

.45 

14.75 

1930 

.1175 

5 

.34 

14.45 

1850 

26 


1/2  INCH  SOLID  IRON  CONDUCTOR.  90  CYCLES . 


I„ 

I 

W 

p 

£ 

.79 

1 

.046 

.046 

1  .58 

2 

.206 

.0515 

2.37 

3 

.513 

.0510 

3.16 

4 

1  .045 

.0853 

4.78 

6 

3.2 

.0889 

6  .32 

8 

7.1 

.111 

7,90 

10 

12  .4 

.124 

9.48 

12 

19.9 

.1382 

11  .05 

14 

27  .5 

.1402 

12.65 

16 

13.43 

17 

44.7 

.1546 

14  .22 

18 

15.80 

20 

60.4 

.151 

17  .40 

22 

72.5 

.1497 

18.96 

24 

19  .75 

25 

91 .3 

.461 

20.55 

26 

22.10 

28 

111 

.1*16 

/ 

K 

q 

J 

P>1  3 

3  84 

87 

.0475 

2 

.16 

5.32 

168 

.0595 

2 

.705 

6.9 

282 

.0715 

3 

.25 

8.45 

425 

.091 

4 

.14 

10.95 

710 

109 

4 

95 

13  25 

1040 

.1225 

5 

.56 

15.00 

1335 

.1335 

6 

.29 

17.05 

1610 

.142 

6 

.45 

17  .5 

1815 

.1465 

6 

.65 

18.15 

1950 

.1488 

6 

.75 

18.4 

2000 

.1490 

6 

.77 

18.5 

2020 

.1488 

6 

.75 

18.4 

2000 

.1475 

6 

.7 

18.18 

1955 

.145 

6 

.59 

17.9 

1900 

.142 

6 

.45 

17.5 

1815 

NO  3*6 


<S> 

CO  ^ 

I  E 

•  S  - 

-  o  I 

"  e  => 

?  e-  5- 

2>  O 


*1 


CP 

CP 


s  E 


op 

CP 


fir: 

-I 

c> 

o 

0* 

0 

0 

'  1 

•  i 

K 


14» 


/  ° 


;  / 

r 


# 


<v 

3 


2       *       6       8       io      iz      it      16      id      zo  ^^ 

NO.  3+6  EUGENE  O'CTZGEN  CO  CMiCAOO-NG' 


coos 


\V\\       j!"  •  r  *  1 

^\ct\oQ.  AtwnuO  -  ;  ,..it'      Mm  |  jjj  v\\  ooij 

tubftoO  noil  b\Vo3>    £\  t qI\  \aV 


*\        SI  O' 


tea 


H  hi. 


\ 


I 


\ 


41 
0) 


0 


30 


Calculation  of yo    for  3/16  inch  solid  Steel  Conductor 

Diameter     .483  cm.  For  25,  40,  and  60  cycles  R  =  .1366  ohm 

Length      1976  cm.  For  75  cycles  R  *  .1370  ohm 

Area  .183  sq.cm. 

For  25,  40.  and  60  cycles: 

/d  =  -183  x  .1366  x  109     =12,650  (c.g.s.  units) 
/  1976 


For  75  cycles: 


p  -  .183  x  .1370  x  109  r  i2,69o 
/  1976 


Calculation  of 

For  75  cycles: 

/yr  q2    .     /°                 =  q3  .  13690  =     36.74  q3 

r     ~     2JT*  4*          *~  Z-TTJ:tjf 

Other  values  are  as  follows: 

Frequency           25                    40  60  75 


r 


2  77s  fd' 


110.  68.75  45.83  36.74 


For  10  amperes  and  75  cycles  R  =  .3318  ohm 
From  the  K-q  curves,  page  ),  q  =  6.08 


Therefore 

-  36.74  qa  =  36.74  x  6T0"8~3~    =  1359 


yli  :  36.74 
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Key  to  Notation. 


R  =  ohmic  resistance 

W 

R£  =  effective  resistance  as  calculated  from  — a 


W  =  watts  consumed  by  the  conductor 

I  =  line  current  flowing  in  the  conductor 

I0 =  amperes  per  square  cent iroeter, calculated  from 

total  area 
f  =  frequency  in  cycles  per  second 

q  =  variable  in  Lord  Kelvin's  formula 

ju  =  permeability 

fi  -  conductivity  in  absolute  units 


skin  effect  coefficient 


taken  from  curves  of  R£ 
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V 

The  permeability-current  density  curves,   (pages  16 

to  28 )  indicate  that  in  the  conductors  tested 

the  permability 

increased  rapidly  as  a  linear  function  of  current  density  un- 

til nearly  the  maximum  permeability  was  reached.    After  the 

maximum  was  passed  the  permeability  decreased 

linearly  but 

much  more  slowly.      The  following  equations  are  approximate 

expressions  which  give  values  of  permeability 

within  10  per 

cent  of  those  indicated  on  the  curves. 

For  3/16  inch  solid  steel  conductors: 

=     38  I0  +     100           ID   =  3  -  35 

25  cycles 

/*  =     32.5  ID                   I0=     3  -  35 

60  cycles 

For  3/8  inch  solid  iron  conductor: 

yU  =  15C  Ifl    -  50             ID=  4  -  13 

25  -  60  cycles 

-  1100  +  63  Io            I„=  13  -  17 

JU  =  2400  -  15 1„            IB=  17  -  28 

For  1/2  inch  solid  iron  conductor: 

yU  =  193 Ifl  -  100            In=  3  -  11 

25  -  60  cycles 

yU  a  35  I0   +    1600           I0  =  11  -  15 

yU  =  2700  -  37  Ic             ID=  15  -  22 

The  maximum  permeability  obtained 

in  the  steel  was 

about  1650,  the  maximum  in  the  iron  about  2200.     The  tests 

indicate  an  increase  of  permeability  with  a  decrease  of  fre- 

quency, and  an  increase  of  permeability  with 

an  increase  of 

specific  resistance. 
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